Natural killer (NK) cells are important for the innate immune response against virally infected, stressed, and tumor cells (36, 41, 64) . NK cell activation can elicit two different effector functions, namely, cytotoxicity of the target cell and/or secretion of cytokines and chemokines. NK cell activation is based on the integration of signals from activating receptors and inhibitory receptors (41, 56) . Like those of other lymphoid cells, NK activating receptors can signal via immunoreceptor tyrosine-based activation motif (ITAM)-containing accessory chains, namely, DAP12, CD3, and Fc receptor gamma (FcR␥). In humans, for example, activating killer cell immunoglobulin-like receptors, CD94/NKG2C-E, and the NKp44 natural cytotoxicity receptor associate with DAP12, while the NKp46 and NKp30 natural cytotoxicity receptors, as well as CD16, pair with CD3 and FcR␥ (34) .
Another important activating receptor used by NK cells is NKG2D, which is expressed on NK and T cells (50, 62) . NKG2D recognizes ligands that are often induced due to the consequences of cellular stress, such as DNA damage, tumors, and viral infections (22) . In humans, NKG2D ligands include major histocompatibility complex [MHC] class I chain-related (MIC) protein (1) and UL-16 binding protein (ULBP) (11) . In mice, ligands for NKG2D include Rae1, H60, and MULT-1 (50) .
In contrast to other NK activating receptors, human NKG2D is associated with DAP10, an accessory chain that does not contain an ITAM (21, 62) . Consistent with this, the engagement of NKG2D by human NK cells can induce cytolytic activity but not cytokine production (2, 61, 65) . Instead of an ITAM, DAP10 contains a signaling motif, YXNM, that is similar to motifs found in the costimulatory receptors CD28 and ICOS (27, 49) . This raises questions about whether DAP10 functions independently or whether it functions in concert with other activating receptors. Supporting an independent signaling role for DAP10, a chimeric DAP10 construct was able to induce the tyrosine phosphorylation of a variety of substrates (2) . DAP10 can potentially signal by becoming phosphorylated and associating with both the p85 subunit of phosphatidylinositol 3-kinase (PI 3-kinase) and the adapter protein Grb2 (8, 62) . In addition, it has been shown that NKG2D stimulation can induce the phosphorylation of JAK2, STAT5 (55) , Itk (32) , extracellular signal-regulated kinase (ERK) (39, 55) , Vav1 (2, 7) , and Jun N-terminal kinase (39) . Recently, Leibson and coworkers found that the recruitment of both p85 and a Grb2-Vav1 complex is required for NK lytic activity (59) .
Recognition of target cells requires the formation of a structure called an NK cell immunological synapse (NKIS) at the contact site (4, 14, 15) . Two forms of synapses have been described for NK cells, namely, the activating and the inhibitory NKIS (13, 38, 58, 60) . NKG2D engagement is known to be able to induce the formation of an immunological synapse in CD8 ϩ T cells (37, 53) . These synapses are remarkable for the clear segregation of the integrin LFA-1 in an outer zone called the peripheral supramolecular activation cluster (pSMAC) and for the clustering of NKG2D in a central zone called the central supramolecular activation cluster (cSMAC) (4) . Although NKG2D has been observed to accumulate at the con-tact site between NK cells and NKG2D ligand-expressing target cells (17, 19, 42, 52) , the signaling mechanisms involved in formation of the activating NKIS and the types of synapses generated by NKG2D in NK cells are not known (4, 15) .
Here we investigated the roles of NKG2D and DAP10 in NK cell synapses. Using a model system, we show that NKG2D can generate an NKIS on its own, without the requirement for any other NK cell activating receptor. This allowed us to determine which structural elements in DAP10 are required for NKG2D-mediated synapse formation. We found that the PI 3-kinase binding site, but not the Grb2 binding site, was critical for DAP10 recruitment to the contact site. Surprisingly, abrogating Grb2 binding to DAP10 did not block recruitment of Grb2 to the NKIS. Instead, we found that Grb2 recruitment was PI 3-kinase dependent. Since Grb2 is known to associate with both SOS1 (9) and Vav1 (46) , which both contain pleckstrin homology (PH) domains, we tested each for the ability to be recruited to the NKIS by phosphatidylinositol-(3,4,5)-trisphosphate (PIP 3 ). We found that the PH domain of SOS1, but not that of Vav1, was able to be recruited by PIP 3 . These results provide new insights into the mechanism of immunological synapse formation and also demonstrate how multiple mechanisms can be used to recruit the same signaling proteins to the plasma membrane.
MATERIALS AND METHODS

Cells lines and antibodies. Human interleukin-2 (IL-2)-dependent NK92 cells
were kindly provided by M. J. Robertson and were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 100 U/ml of human IL-2 (hIL-2). P815 murine mastocytoma cells and human Daudi B lymphoma cells were grown in RPMI 1640 medium supplemented with 10% FBS. ULBP1-expressing P815 cells were grown in RPMI 1640 medium supplemented with 10% FBS containing 1 mg/ml of G418 sulfate (Gibco). Human NK cells were purified by CD56 ϩ magnetic cell sorting enrichment (Miltenyi) following Ficoll gradient centrifugation of buffy coats and were grown in hIL-2-containing medium. Monoclonal anti-hNKG2D was obtained from R&D Systems. Goat antimouse immunoglobulin G (IgG) conjugated to allophycocyanin (Molecular Probes), biotinylated anti-human CD8␣ (eBioscience), streptavidin-phycoerythrin (PE)-Cy5 (Pharmingen), and mouse anti-SOS1 (BD Transduction Laboratories) were also used. NKG2D tetramer-streptavidin-PE was kindly provided by D. H. Fremont.
Generation of DNA constructs. Murine DAP10 or DAP12 full-length cDNA was amplified by reverse transcription-PCR from mouse RNA and subcloned into the pEYFP-N1 vector (Clontech). DNA encoding the PH domain of Akt [PH(Akt); a gift from G. Longmore] was subcloned into the pEGFP-N1 vector (Clontech). After EcoRI and NotI digestion, DAP10-yellow fluorescent protein (DAP10-YFP), DAP12-YFP, and PH(Akt)-green fluorescent protein [PH(Akt)-GFP] were cloned into the pMX retrovirus vector (45) . The Y72F, N74Q, and M75V mutations in the YINM motif of DAP10-YFP were generated using PCR site-directed mutagenesis (Stratagene). The primers used for the Y72F mutation were 5Ј-AGA GTC TTC ATC AAC ATG CCT GGC AGA GGC-3Ј and 5Ј-GTT  GAT GAA GAC TCT ACC ATC TTC TTG GGC-3Ј, those used for the N74Q  mutation were 5Ј-AGA GTC TAC ATC CAA ATG CCT GGC AGA GGC-3Ј  and 5Ј-AGG CAT TTG GAT GTA GAC TCT ACC ATC TTC-3Ј, and those  used for the M75V mutation were 5Ј-GGT AGA GTC TAC ATC AAC GTA  CCT GGC AGA GGC-3Ј and 5Ј-TCT GCC AGG TAC GTT GAT GTA GAC  TCT ACC ATC-3Ј. A cDNA containing the human CD8␣ leader segment followed by the Flag epitope coding sequence (35) was used to create a Flagtagged CD8-DAP10 chimeric construct carrying the human CD8␣ chain extracellular and transmembrane domains and the cytoplasmic region of mouse DAP10 (amino acids 52 to 80). The Flag-CD8-DAP10 cDNA was subcloned into the pMX retrovirus vector, and mutations in the YINM motif of DAP10 were generated as described above.
Human Grb2 full-length cDNA was amplified by PCR and fused with a monomeric DsRed fluorescent protein (6) . After BamHI and NotI digestion, DsRed-Grb2 was cloned into the pMX retrovirus vector. A plasmid containing human SOS1 was a gift from D. Bar-Sagi. The sequence encoding the PH domain of SOS1 (amino acids 422 to 551) was PCR amplified and subcloned into the pEGFP-N1 vector and, after BamHI digestion, the pMX vector. The retroviral expression vector containing Vav1-GFP was provided by W. Swat. The R422G and K404A mutants of the PH domain of Vav1 (26) were generated using PCR site-directed mutagenesis (Stratagene). DNA encoding the human Vav1 PH domain (amino acids 347 to 449) was PCR amplified and subcloned into the pEGFP-N1 vector, and after EcoRI/NotI digestion, PH(Vav1)-GFP was cloned into the pMX vector. The retroviral expression vector containing mouse CD3-GFP was provided by M. M. Davis (51) . The integrity of all constructs was confirmed by automated sequencing.
RNA interference. Grb2 small hairpin RNA (shRNA) and luciferase (control) shRNA constructs were generated using a multifunctional lentivirus system (with the pFLRu lentivector provided by Y. Feng and G. D. Longmore). The targeting sequence for human Grb2 (DNA fragment nucleotides 609 to 627) used to generate the Grb2 shRNA construct has been described previously (29) . XbaIdigested Vav1-GFP was subcloned into luciferase and Grb2 shRNA vectors to create pFLRu-(luciferase-shRNA)-Vav1-GFP and pFLRu-(Grb2-shRNA)-Vav1-GFP, respectively. For lentivirus production, subconfluent cultures of 293T cells were transfected with a packaging plasmid (pHRЈ8.2deltaR/pCMV-VSV-G at a ratio of 8:1) and a pFLRu-derived plasmid (Y. Feng, H. Zhao, B. Wang, and G. D. Longmore, submitted for publication). The integrity of all constructs was verified by automated sequencing. The lentivirus infection of NK92 cells was performed using a previously described protocol (40) . NK92/luciferase-shRNAVav1-GFP cells and NK92/Grb2-shRNA-Vav1-GFP cells expressing the same level of Vav1-GFP were sorted 7 to 10 days later on a Beckton Dickinson FACSVantage SE flow cytometer at the Flow Cytometry Core Facility, Department of Pathology and Immunology, Washington University, St. Louis, MO.
Confocal imaging and immunofluorescence staining. NK92 cells transduced with a retroviral expression vector encoding DAP10 (NK92/DAP10-YFP), DAP12 (NK92/DAP12-YFP), CD3 (NK92/CD3-GFP), PH(Akt)-GFP [NK92/ PH(Akt)-GFP], PH(Vav1)-GFP, or PH(SOS1)-GFP were mixed with P815, P815-ULBP, or Daudi B cells at a 1:1 ratio and placed in parallel-plate flow cells in a temperature-controlled chamber at 37°C. Where indicated, transduced NK92 cells were loaded with 100 nM Lysotracker (Molecular Probes) at 37°C for 30 min, with or without 100 nM wortmannin (WTN; Sigma). Images were taken over a period of 0 to 15 min, using a Zeiss LSM 510 laser scanning confocal microscope (Oberkochen, Germany) with a 63ϫ objective lens. To study the recruitment of DAP10-YFP to the NKIS, NK92 cells expressing wild-type (WT) or mutant DAP10-YFP were mixed with an equal amount of the indicated target cells. After centrifugation, cells were gently resuspended and placed onto poly-L-lysine-coated glass slides for 30 min at 37°C. After the medium was aspirated, cells were fixed with 4% paraformaldehyde in phosphate-buffered saline for 10 min. Where indicated, NK92/DAP10YFP (WT) cells were pretreated with 100 nM WTN for 30 min at 37°C. We examined Ն40 cells per slide. To study the recruitment of Grb2 to the contact site, NK92 cells coexpressing PH(Akt)-GFP and DsRed-Grb2 were incubated with the indicated target cells, as described above, for 15 min at 37°C and then fixed. Where indicated, transduced NK92 cells were pretreated with 100 nM WTN for 30 min at 37°C. To stain for Vav1, F-actin, or Grb2 accumulation, cells were permeabilized with 0.05% Triton X-100 and incubated with Alexa Fluor 568-phalloidin (Molecular Probes), mouse anti-Vav1 (Chemicom), or mouse anti-Grb2 (Santa Cruz) followed by Cy3-labeled goat anti-mouse (Jackson ImmunoResearch Laboratories). To test the DAP10 sequence requirements for Grb2 recruitment to the contact site, P815 target cells were preloaded with mouse anti-Flag M2 (10 g/ml) for 30 min at 4°C. After being washed, target cells were incubated with NK92/Flag-CD8-DAP10 cells coexpressing PH(Akt)-GFP and DsRed-Grb2 at a 1:1 ratio, centrifuged, placed onto poly-L-lysine-coated glass slides for 15 min at 37°C, and fixed. To quantitate the recruitment of DAP10-YFP, DAP12-YFP, CD3-GFP, and F-actin to the NKIS, boxes were drawn at the contact area between the NK and target cells, at the cell membrane not in contact with the target, and in a background area outside the cell, using the Image J software program (NIH). The relative recruitment index (RRI) was calculated as follows: (mean fluorescence intensity [MFI] at synapse Ϫ background MFI)/(MFI at regions not in contact with target cell Ϫ background MFI). For each experiment, the percentage of NK cells with RRIs of Ͼ1.2 was calculated. For quantification of PH(Akt)-GFP, PH(Vav1)-GFP, PH(SOS1)-GFP, Grb2, and Vav1 translocation to the NK cell contact area, the ratio of the MFI at the contact area to that in the cytosol was calculated, and ratios of Ͼ1.2 were scored as protein accumulation. At least 50 conjugates were examined for each experiment for a total of three different experiments. (31) were purified by positive selection with CD8 ϩ T-cell biotinantibody cocktail microbeads (Miltenyi Biotech). Plat-E packaging cells were grown in RPMI 1640 medium supplemented with 10% FBS, 10 g/ml puromycin (Sigma), and 10 g/ml Blasticidin (Invitrogen). Plat-E cells were transfected as described above. Virus-containing medium was filtered and added to CD8 ϩ T-cell blasts from DAP10/DAP12 ko mice 18 h after stimulation with anti-CD3 (2C11; 1 g/ml) plus anti-CD28 (0.5 g/ml) antibody. The mixture was centrifuged at 900 ϫ g in the presence of 4 l/ml of Lipofectamine 2000. After 48 h, CD8 ϩ T cells were stained with PE-Cy5-anti-CD8␣ and PE-anti-NKG2D antibody (Pharmingen, San Diego, CA).
Lipid bilayers. Biotinylated liposomes were made as described previously (25) . Glycosylphosphatidylinositol-anchored ICAM-1 labeled with Cy5-N-hydroxysuccinimide (Amersham Biosciences) was incorporated into liposomes as described previously (25) . . Streptavidin-Alexa Fluor 488 (Molecular Probes) was flowed (1 g/ml) over the bilayer, followed by a wash with HEPES-buffered saline (HBS). Biotinylated Rae1ε (1 g/ml; kindly provided by D. H. Fremont) was then flowed over the bilayer, followed by a wash with HBS. Cells were then injected into the flow cell in HBS containing 1% human serum albumin (Alpha Therapeutic). Cells were imaged using a Zeiss LSM 510 confocal system (Oberkochen, Germany) with a 63ϫ objective lens. All images of cells on bilayers were taken with the pinhole open over a period of 0 to 30 min. Cytotoxicity assays. Cytotoxic activity of NK92 cells was tested against target cells by using a standard 4-h 51 Cr release assay (7). Where indicated, P815-ULBP1 or Daudi B cells were pretreated with NKG2D tetramer-streptavidin-PE (1 g/ml) or with streptavidin-PE (1 g/ml) at room temperature for 15 min. In redirected killing assays, the FcR ϩ P815 target cells were first incubated with mouse anti-Flag M2 (10 g/ml) for 30 min at 4°C. After being washed, target cells were incubated with various mutants of NK92/Flag-CD8-DAP10 cells. In all experiments, spontaneous release did not exceed 10% of maximum release.
Cell conjugation assay. Target cells were preincubated with CellTrace redorange AM (Molecular Probes) at 1 M for 15 min at 37°C. After being washed, NK92/PH(Akt)-GFP cells were incubated with CellTrace-loaded target cells at a ratio of 1:1 for 20 min at 37°C. Conjugate formation was monitored by flow cytometry. Where indicated, NK92/PH(Akt)-GFP cells were preincubated with 100 nM WTN for 30 min at 37°C.
Cell stimulation, immunoprecipitation, and immunoblotting. NK92 cells (5 ϫ 10 6 /sample) transduced with WT DAP10-YFP and DAP10-YFP mutants were IL-2 starved for 4 h in RPMI 1640 containing 5% FBS. Cells were incubated with anti-human NKG2D-coated beads or with mouse IgG-coated beads at 37°C for the indicated times. After stimulation, the pellet was resuspended in ice-cold lysis buffer (0.1 M Tris base, 140 mM NaCl, 1 mM EDTA containing 1% NP-40, 1 mg/ml apoprotein, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, and 50 mM sodium fluoride). After centrifugation, nucleus-free supernatant was incubated with 2 g/ml of polyclonal anti-GFP and then incubated with protein A-Sepharose beads (Pharmacia) at 4°C for 90 min. After being washed, GFP immunoprecipitates were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a membrane, and probed with a monoclonal antibody (MAb) to phosphotyrosine 4G10 (Upstate), polyclonal rabbit anti-GFP (Invitrogen), or polyclonal rabbit antiGrb2 (Santa Cruz), followed by incubation with anti-mouse IgG or anti-rabbit IgG coupled to horseradish peroxidase. For detection of the SOS1-Grb2-Vav1 on January 10, 2014 by Washington University in St. Louis http://mcb.asm.org/ interaction, 1.0 ϫ 10 7 IL-2-starved NK92/luciferase-shRNA-Vav1-GFP cells or NK92/Grb2-shRNA-Vav1-GFP cells were lysed in 2 ml of ice-cold lysis buffer containing 0.1% Nonidet P-40 buffer and then centrifuged as described above. The nucleus-free supernatant was divided into 1-ml aliquots, immunoprecipitated for 2 h with anti-SOS1 or IgG, and then incubated with protein A-Sepharose beads (Pharmacia) at 4°C for 90 min. 
RESULTS
Characterization of DAP10-YFP chimeras.
To study the dynamics of DAP10 in living cells, YFP was fused to the C terminus of DAP10 (Fig. 1A) . To confirm that the DAP10-YFP chimera was functionally active, we tested whether expression of the chimera in DAP10/DAP12-deficient CD8 ϩ T cells could rescue NKG2D expression (Fig. 1B) . Retroviral transduction of DAP10-YFP expression rescued NKG2D surface expression, establishing that the DAP10-YFP chimera can associate with endogenous NKG2D (Fig. 1B) . This was specific, because transduction with YFP by itself was unable to rescue expression of NKG2D on the cell surface (Fig. 1B) .
We next confirmed that tyrosine phosphorylation of the DAP10-YFP chimera could be induced by engagement of NKG2D. The hIL-2-dependent transformed cell line NK92 was retrovirally transduced with the DAP10-YFP chimera (NK92/DAP10-YFP cells) and incubated with anti-NKG2D-coated beads. Immunoblotting demonstrated that tyrosine phosphorylation of DAP10-YFP was induced (Fig. 1C) . In contrast, no phosphorylation was detected after incubation with mouse control IgG-coated beads (Fig. 1C) . These results establish that the attachment of YFP to DAP10 does not interfere with its function.
Specific recruitment of DAP10 to the NKIS. To study the recruitment of DAP10 to the NKIS, we used P815 cells as target cells, as they do not express any ligands for NKG2D ( Fig. 2A, gray profile) . To allow for NKG2D recognition, P815 cells were transfected with the human NKG2D ligand ULBP1 (P815-ULBP1 cells) ( Fig. 2A, dotted line) . As expected, expression of ULBP1 on P815 cells conferred cytolytic killing by the NK92 cell line (Fig. 2B, closed squares) . This was specific to NKG2D, as killing was blocked by the addition of NKG2D tetramers (Fig. 2B, open circles) .
We next analyzed the localization of DAP10-YFP during the engagement of NKG2D by ligand, using confocal microscopy. In the absence of ULBP1, DAP10-YFP did not accumulate at the contact site (Fig. 2C, left panels) . In contrast, incubation with P815-ULBP1 cells induced recruitment of DAP10-YFP to the NKIS (Fig. 2C, right panels, and G) .
To determine whether DAP10 recruitment to the NK synapse was independent of ITAM-containing receptors, chimeric constructs of CD3 and DAP12 fused to YFP were generated (Fig. 2D ) and imaged after conjugate formation with P815-ULBP1 cells. DAP12 associates with the NK activating receptors NKp44, KIR2/3DS, and CD94/NKG2C-E (57), while CD3 associates with the NK activating receptors NKp30, NKp46, and Fc␥R⌱⌱⌱ (CD16) (34) . No detectable recruitment of CD3 or DAP12 to the NKIS was seen after incubation with ULBP1-expressing cells (Fig. 2E to G) . Importantly, we confirmed the ability of DAP12 and CD3 fusion proteins to be recruited to the NKIS by incubating transduced NK92 cells with Daudi cells, which express ligands for a variety of activating receptors, including NKG2D (48) (Fig. 3A) , and therefore are killed by NK92 cells (Fig. 3B ). After conjugation with Daudi cells, all three adapter molecules were recruited to the contact site (Fig. 3C to F) . The specific recruitment of DAP10 to the NKIS by ULBP1 supports the idea that NKG2D signaling is mediated exclusively by DAP10 in NK92 cells and does not require the cooperation of an ITAM-dependent activating receptor.
We confirmed that NKG2D recruitment is independent of other NK cell receptors by imaging mouse NK cells plated on an artificial lipid bilayer containing fluorescently labeled Rae1ε (a mouse NKG2D ligand) and ICAM-1 (the ligand for LFA-1) (18, 25) . Mouse NK cells plated on these bilayers quickly stopped and formed synapses, seen as a peripheral ring of ICAM-1 surrounding a central cluster of Rae1ε (Fig. 4A) . No obvious synapse formation was observed in the absence of NKG2D ligand, as NK cells failed to stop (Fig. 4B) . Since in mouse NK cells NKG2D can be associated with either the DAP10 or DAP12 adapter molecule (16, 23), we used NK cells from DAP12-deficient mice (31) . Central clustering of Rae1ε using DAP12-deficient NK cells was similar to that of WT cells, indicating that DAP10 alone is sufficient for NKG2D recruitment to the synapse. These data support our finding that induction of the NKIS by NKG2D engagement can be mediated by signals transduced by DAP10 alone and is independent of ITAM-containing receptors.
Residues required for recruitment of DAP10 to the NKIS. DAP10 contains only a short cytoplasmic domain that is notable for a motif containing the sequence YINM (Fig. 5A) . To determine which aspects of this motif are required for DAP10 recruitment to the NKIS, three mutated constructs were gen- (Fig. 5A ). Glutamine and valine were chosen because they are highly conservative changes and because these changes are known to disrupt binding to Grb2 and the p85 subunit of PI 3-kinase, respectively (33, 54) . Since NKG2D surface expression is DAP10 dependent (Fig. 1B) , we also confirmed the ability of each construct to assemble with NKG2D. NK92 cells expressing DAP10-YFP significantly enhanced NKG2D expression; similar expression levels of DAP10-YFP induced similar levels of NKG2D on the cell surface (Fig. 5B) . We then tested our mutants for Grb2 binding by immunoprecipitating DAP10 from cells transfected with the WT or mutated DAP10 constructs. After antibody-mediated engagement of NKG2D, DAP10-YFP immunoprecipitates were immunoblotted with antibodies to Grb2, phosphotyrosine (pY), and GFP. Grb2 was detected in immunoprecipitates of the WT constructs, demonstrating for the first time an association between Grb2 and DAP10 in cells. Mutation of both the tyrosine and asparagine residues abrogated Grb2 binding (Fig. 5C , lane 4 and lane 8). In contrast, mutation of the methionine had no effect on Grb2 binding (Fig. 5C, lane 6) . Although the level of tyrosine phosphorylation in the WT and mutated DAP10 proteins was variable, we think that this was not a significant or reproducible difference.
To determine which residues are important for DAP10 recruitment to the NKIS, the NK92 cell line, transduced with a WT or mutated DAP10-YFP construct, was conjugated with P815 or P815-ULBP1 cells and imaged using confocal microscopy. While the WT construct was efficiently recruited to the NKIS, there was little to no recruitment of the Y72F or M75V construct into the NKIS (Fig. 6A and B) . In contrast, the N74Q construct ( Fig. 6A and B) was recruited to the NKIS with an efficiency similar to that of WT DAP10. These data indicate that residues Y72 and M75, but not N74, are important for recruitment to the NKIS.
NKG2D engagement induces PIP 3 production at the NKIS. The requirement of both the tyrosine and the methionine suggested that PI 3-kinase activation was the major signal required to induce NKG2D localization in the NKIS. To confirm a role for PI 3-kinase, human NK92 cells were treated with the PI 3-kinase inhibitor WTN. Consistent with a role for PI 3-kinase, WTN blocked recruitment of DAP10 to the NKIS Fig. 6A and B) without affecting the ability of NK92 cells to form conjugates with target cells (Fig. 6C ). While PI 3-kinase signaling has been implicated in DAP10 signaling based on the YXXM sequence (8, 55, 59, 62) , to our knowledge, direct proof that DAP10 induces PI 3-kinase activity was lacking. To confirm that PI 3-kinase was induced by DAP10, we used a biosensor to detect the presence of PIP 3 , the major product of activated PI 3-kinase. The biosensor PH(Akt)-GFP binds to PIP 3 , which is produced in and confined to the plasma membrane. In unstimulated cells, PH(Akt)-GFP was localized in the cytosol and nuclei of NK92 cells (data not shown). Conjugation with P815-ULBP1 cells induced a clear translocation of the biosensor to the contact site ( Fig. 7A and B) . No accumulation of the biosensor was observed at cell contact sites of NK cells conjugated with P815 cells alone. PIP 3 production was PI 3-kinase dependent, because treatment with the PI 3-kinase inhibitor WTN inhibited membrane translocation of PH(Akt)-GFP ( Fig. 7A and B) . Live cell imaging showed that PH(Akt)-GFP accumulated at the cell contact site almost immediately after conjugate formation (Fig. 7C ) and appeared to spread across the contact area in a cup-like structure between the two cells.
PI 3-kinase activation is required for Grb2 recruitment to the NKIS. The lack of a requirement of the Grb2 binding site for DAP10 recruitment to the NKIS was surprising, as recruitment of the Grb2/Vav1 complex has been shown to be required for NKG2D cytolytic activity (24, 59) . We therefore considered the possibility that Grb2/Vav1 recruitment to the NKIS might not require the Grb2 binding site in DAP10. To assess the recruitment of Grb2 to the NKIS, we generated a biosensor consisting of full-length Grb2 fused to monomeric DsRed (DsRed-Grb2). Human NK92 cells were cotransduced with both PH(Akt)-GFP and DsRed-Grb2 and then conjugated with P815-ULBP1 target cells. Recruitment of both PH(Akt)-GFP and DsRedGrb2 occurred in a ULBP1-dependent manner ( Fig. 7D and  E) . Surprisingly, treatment with WTN inhibited the recruitment of both biosensors to the NKIS, suggesting that Grb2 recruitment might involve PIP 3 ( Fig. 7D and E) . These results were confirmed using primary human NK cells incubated with anti-NKG2D-coated beads. WTN treatment blocked the recruitment of endogenous Grb2 to the contact surfaces of the beads ( Fig. 8A and B) . Since WTN does not affect NKG2D-initiated proximal signaling events, such as the activation of Lck (Fig. 8C ) and the tyrosine phosphorylation of DAP10, Vav1, and phospholipase C-␥2 (2), this suggests that the production of PIP 3 plays a major role in controlling the membrane recruitment of Grb2.
To test the DAP10 sequence requirements for Grb2 recruitment to the NKIS, we used Flag-CD8-DAP10 chimeras to avoid stimulation of endogenous NKG2D. These chimeric receptors were generated using a Flag epitope appended to the extracellular and transmembrane portions of human CD8␣, which were then fused to the cytoplasmic portion of mouse DAP10. Transduced NK92 cells were sorted to achieve a pool of cells with similar levels of CD8␣ surface expression (Fig.  9A ). Cells were then cross-linked with anti-Flag antibodies. As expected, the WT DAP10 chimera induced PIP 3 production and Grb2 recruitment at the NKIS, while both processes were inhibited in the Y72F and M75V mutants ( Fig. 9B and C) . Consistent with the idea that Grb2 recruitment to the NKIS does not necessarily involve a direct physical interaction with DAP10, Grb2 was still recruited to the NKIS by the N74Q mutant, which is unable to bind Grb2 (Fig. 9B and C) . These results support the idea that production of PIP 3 can explain the recruitment of Grb2 to the NKIS.
Role of YINM motif of DAP10 in NK cell lytic activity. It was possible that the Grb2 binding site was dispensable for synapse formation but required for cytolytic activity. We therefore tested the WT and mutated DAP10 constructs expressed in human transformed NK92 cells for effects on cytolysis. While untransduced NK92 cells express low levels of NKG2D and DAP10, ectopic DAP10 expression resulted in significant upregulation of NKG2D expression (Fig. 5B ). Cell lines with comparable NKG2D expression were then sorted and tested for the ability to kill ULBP1-expressing target cells. While WT DAP10 resulted in a significant enhancement of target cell killing, mutation of the YXXM motif completely abrogated this effect. Surprisingly, the N74 residue was not absolutely required, as its mutation only partially reduced the enhanced killing (data not shown).
Because the interpretation of these results is complicated by the presence of endogenous DAP10 in these cells and the potential for the chimeric YFP constructs to form heterodimers with endogenous DAP10, we also used our Flag-CD8-DAP10 constructs to induce cytolysis, using anti-Flagcoated P815 cells (Fig. 9D) . Consistent with the previous results, the WT construct efficiently induced NK lytic activity, while the Y72F and M75V constructs displayed poor killing of the target. Again, the N74Q mutant receptors exhibited only a moderately reduced lytic activity (Fig. 9D) . These results support our finding that the YXXM motif is required for DAP10-mediated lytic activity but suggest that the YXN motif may also play a subsidiary role. of recruitment of Grb2 to the NKIS? Because two major ligands of Grb2 are Vav1 and SOS1, we considered the possibility that PH domains contained in these Grb2 ligands might explain how Grb2 is recruited to the NKIS. This hypothesis was supported by the finding that Vav1 recruitment to the NKIS was blocked by treatment with WTN ( Fig. 10A and B) . To confirm whether the PH domain of Vav1 was responsible, a
Recruitment of Grb2 to the NKIS is partially mediated by
Vav1-GFP fusion protein with two critical mutated amino acids in the PH domain was generated (26) . While the WT Vav1-GFP fusion protein was efficiently recruited to the NKIS, the mutation of the PH domain only partially reduced Vav1 or Grb2 recruitment (Fig. 10C and D) . Since the ability of the PH domain of Vav1 to bind to PIP 3 is unclear (30), we next tested a construct containing just the PH domain of Vav1 fused to , and M75V (ϫ) chimeric receptors were incubated at the indicated effector/target (E:T) ratios with 51 Cr-labeled P815 cells that were preincubated with or without (diamonds) anti-Flag (10 g/ml). Data are representative of five separate experiments. Statistical analyses were performed using paired Student's t test to compare the lytic activity induced by the WT to that mediated by mutated chimeric receptors (P Ͻ 0.01). Asterisks denote that the differences are statistically significant. Error bars show standard deviations.
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on January 10, 2014 by Washington University in St. Louis http://mcb.asm.org/ GFP. While the PH(Akt) construct was readily recruited to the NKIS ( Fig. 7A and B) , the PH(Vav1) construct was not ( Fig.  10E and F ). These data demonstrate that after NKG2D engagement, the PH domain of Vav1 is not sufficient for Vav1 membrane recruitment and therefore cannot explain how Grb2 is recruited to the NKIS.
SOS1 is constitutively associated with a Grb2-Vav1 complex and is recruited to the NKIS through its PH domain. Since the other major binding partner for Grb2 is SOS1, we next tested the possibility that Grb2 recruitment to the NKIS was mediated by SOS1. A GFP fusion containing the PH domain of SOS1 was tested for the ability to be recruited to the NKIS. Imaging experiments showed that the PH(SOS1) construct was efficiently recruited to the NKIS and that this recruitment was sensitive to WTN treatment ( Fig. 11A and B) . This indicates that PI 3-kinase activation is required for SOS1 recruitment to the NKIS and suggests that the recruitment of Grb2 to the NKIS could be mediated indirectly by the recruitment of SOS1 to the NKIS. Since SOS1 recruitment does not readily explain how Vav1 is recruited to the NKIS, we considered the possibility that the three binding sites of Grb2 (two SH3 domains and one SH2 domain) might allow Grb2 to form large signaling complexes containing both SOS1 and Vav1. To test the requirement of Grb2 for the ability of Vav1 and SOS1 to coprecipitate together, we used an shRNA that has been used successfully to inhibit Grb2 expression (29) . SOS1 immunoprecipitates prepared from NK92 cells with luciferase shRNA (shRNA control) and overexpressing Vav1-GFP contained clearly detectable Vav1 (Fig. 11C, lane 2) . This suggests that Vav1 and SOS1 are associated either directly or indirectly. Importantly, in NK92 cells in which Grb2 shRNA achieved over 95% inhibition of Grb2 expression, little, if any, Vav1 was detected in SOS1 immunoprecipitates (Fig. 11C, lane 3) . This suggests that the PI 3-kinase-dependent recruitment of Vav1 and Grb2 may be explained by the formation of a signaling complex containing SOS1, Vav1, and Grb2. PI 3-kinase mediates NKG2D-induced actin polymerization, lytic granule polarization, and ERK phosphorylation. Signals transduced by NKG2D are known to induce a variety of downstream effects, including polymerization of actin, lytic granule polarization, and ERK phosphorylation (10, 24, 55) . To assess actin polymerization, NK92 cells were conjugated with P815-ULBP1 cells and then stained with fluorescently labeled phalloidin. Consistent with a role for PI 3-kinase, engagement of NKG2D induced actin polymerization at the contact site ( Fig.  12A and B) , and this was blocked after treatment with WTN ( Fig. 12A and B) . We assessed the role of PI 3-kinase in lytic granule polarization by loading NK92 cells with Lysotracker and mixing them with target cells. Prior to conjugation, lytic granules were randomly distributed in the cytosol of the NK cells (data not shown). Following interaction with P815-ULBP1 cells, the granules became polarized, moving to a location near the site of contact with the target cell ( Fig. 12C and  D) . WTN treatment blocked NKG2D-induced lytic granule polarization ( Fig. 12C and D) .
Lastly, we tested the dependence of ERK activation on PI 3-kinase activation. Engagement of NKG2D induced ERK1/2 phosphorylation (Fig. 12E) , and treatment with WTN blocked ERK1/2 phosphorylation. Thus, multiple downstream pathways of NKG2D are dependent on PI 3-kinase activation.
DISCUSSION
NK cell killing of a target cell is a multistep process involving the formation of an NKIS, leading to lytic granule polarization and degranulation of the NK cell (3, 14, 47, 63) . The existence of many different receptors involved in NK cell triggering and of different signaling pathways suggests that several different pathways may exist to regulate these changes. Here we have focused on signals mediated by DAP10. The short cytoplasmic domain contained in this non-ITAM-containing receptor allowed us to clearly dissect signals involved in immunological synapse formation for the first time.
Previously, we had shown that engagement of NKG2D could stimulate immunological synapse formation in CD8 ϩ T cells in the absence of antigen (37) . Here we showed that NKG2D behaves similarly in NK cells. Extending our previous studies, we established for the first time, using a mutagenesis approach, that the organization of the NKIS induced by NKG2D is the Using our model system, we first determined that NKG2D signaling can occur in the absence of any other NK activating receptors. ULBP1-transfected P815 cells targeted NKG2D and DAP10 but not any other ITAM-containing adapter chains that we tested. Experiments using lipid bilayers confirmed that NKG2D could induce synapse formation by itself, as the bilayer contained only ICAM-1 and the NKG2D ligand Rae1ε. Since conjugate formation requires adhesion molecules (5), it is possible that other signals, such as those mediated by integrins, may cooperate with DAP10 signaling to mediate NKIS formation.
The YINM motif in DAP10 is similar to the YMNM motif in CD28, as it contains both a Grb2 binding site (YXN) and a PI 3-kinase binding site (YXXM). Another T-cell costimulatory molecule, ICOS, has the signaling motif YMFM and lacks the Grb2 binding site. The asparagine residue appears to be important, as the introduction of an asparagine into the ICOS signaling motif strongly enhanced the ability of ICOS to costimulate IL-2. We were therefore surprised when we found that the asparagine residue was not required for DAP10 recruitment to the NKIS. This suggests that PI 3-kinase signaling is both required and sufficient for NKG2D-mediated synapse formation.
While the presence of a YXXM motif in DAP10 had been used previously to infer the involvement of PI 3-kinase (8, 59, 62) , to our knowledge direct proof that endogenous DAP10 on January 10, 2014 by Washington University in St. Louis http://mcb.asm.org/ binds to PI 3-kinase and induces production of PIP 3 in live cells had been lacking. Previous evidence for PI 3-kinase involvement consisted mainly of in vitro binding assays using the phosphorylated YXXM motif. To study DAP10-induced PI 3-kinase activation in the NKIS, we imaged the production of PIP 3 in live cells, using a biosensor consisting of GFP fused to the PH domain of Akt. We showed for the first time that NKG2D engagement induces PIP 3 production in the NKIS. Real-time images showed that PIP 3 is produced by cells within seconds of their touching the contact site, suggesting that DAP10 is phosphorylated and recruits PI 3-kinase upon engagement of NKG2D. The product of PI 3-kinase, PIP 3 , is capable of recruiting many different PH domain-containing signaling molecules, including Akt, PDK1, Itk, and phospholipase C-␥, to the plasma membrane (20, 28) . While our mutagenesis studies showed that Grb2 binds to DAP10 and that this binding is disrupted by mutation of the asparagine residue, imaging experiments showed that Grb2 recruitment to the plasma membrane did not require the Grb2 binding site in DAP10 but was instead sensitive to PI 3-kinase inhibition. Our work using both biochemical and imaging approaches emphasizes the importance of using different approaches to assess the membrane recruitment of signaling proteins. The WTN sensitivity of endogenous Grb2 recruitment to the membrane by NKG2D ligation in normal human NK cells emphasizes the importance of this mechanism of recruitment.
Since Grb2 is constitutively bound to Vav1 (44, 46) and Vav1 contains a PH domain, we considered the possibility that Vav1 recruitment by PIP 3 recruits Grb2. While we found that Vav1 recruitment to the NKIS was sensitive to PI 3-kinase inhibition, the PH domain of Vav1 did not mediate the recruitment of Vav1 to the NKIS. In fact, whether the PH domain of Vav1 can bind to PIP 3 is controversial. While the PH domain of Vav1 had been shown to interact with PIP 3 (12, 26) , sequence alignments led to the prediction that PIP 3 is not a physiological ligand for the PH domain of Vav1 (30) . Our studies confirmed that PIP 3 is not the physiological ligand for the PH domain of Vav1.
Our studies suggest that another PH domain-containing Grb2 ligand, SOS1, is responsible for PIP 3 -dependent recruitment of Grb2 to the NKIS. These data could not explain, however, why Vav1 recruitment to the NKIS was PIP 3 dependent. Since Grb2 has three potential interaction domains (two SH3 domains and one SH2 domain), we considered the possibility that Grb2 could interact with both Vav1 and SOS1 to form large complexes. This idea was supported by our data showing that the ability of Vav1 to associate with SOS1 required Grb2. This suggests that SOS1 and Vav1 exist together in a complex in human NK cells. Since SOS1 and Vav1 contain activating domains for the CDC42/Rho/Rac family of small G proteins (43) , it is intriguing to speculate on the physiological roles for such a complex.
We should emphasize that our data do not imply that there is no role for the Grb2 binding site on DAP10. Rather, it seems reasonable to propose that the Grb2 binding site in DAP10 could function to stabilize or enhance the recruitment of Grb2 and Vav1 to the plasma membrane. Multiple mechanisms of recruitment for Grb2, Vav1, and SOS1 only emphasize the importance of these signaling proteins in the function of NKG2D. We should also point out that most of our experiments involved using a transformed NK cell line, i.e., NK92. While it would have been preferable to use primary NK cells, the requirement of high-efficiency cotransduction in most of our experiments precluded their use.
What is the relationship between our data determining the FIG. 13 . Model of how the Grb2-Vav1 complex is recruited to the NKG2D synapse. As shown on the left, upon NKG2D engagement, phosphorylated DAP10 can bind to the SH2 domain of Grb2, leading to recruitment of Grb2-SOS or Grb2-Vav1 complexes. As shown on the right, recruitment of PI 3-kinase catalyzes PIP 3 production at the contact site. PIP 3 then recruits SOS1 via its PH domain to the NKG2D synapse. Through Grb2 associated with SOS1, Vav1 is also recruited. showed that mutation of either the methionine or the asparagine residue impaired cytolytic activity mediated by a CD4-DAP10 fusion protein (59) . Compelling experiments showed that expression of chimeric molecules fused to Grb2 and/or the p85 subunit of PI 3-kinase was required to recapitulate cytolytic activity. One interpretation of both studies together is that PI 3-kinase is required to form the NKIS but that the recruitment of Grb2 is required for cytolysis. But this interpretation is not consistent with our finding that PIP 3 production was sufficient to recruit Grb2 and Vav1 to the NKIS. It seems possible that the level or efficiency of Grb2 recruitment is different when the YXN site is mutated. It is also possible that the level of PIP 3 induced by the chimeric receptors used by Upshaw et al. (59) was lower than that in the studies described here.
Further studies using measurements of PIP 3 production, as used here, and/or more physiological receptors may be necessary to determine the differences. We propose a model in which DAP10 phosphorylation triggers PI 3-kinase activation at the contact site (Fig. 13) . PIP 3 then recruits a large complex of SOS1-Grb2-Vav1 via the PH(SOS1) domain to the NKIS. Vav1 recruitment coordinates changes in the actin cytoskeleton to mediate the central recruitment of the NKG2D-DAP10 complex. The Grb2 binding site may play a secondary role to stabilize recruited Grb2 complexes at the NKIS. Thus, the activation of PI 3-kinase coupled with NKIS formation appears to play important roles in allowing for NK lytic activity.
